Small nuclear ribonucleoproteins (snRNPs) complexes of protein and noncoding RNA accumulate in the cell nucleus and catalyze pre-mRNA splicing to form the spliceosome. This study aimed to investigate the role of the spliceosome, splicing factor 3b subunit 1 (SF3B1), in AGS and MKN28 human gastric cancer cells in vitro, including gene knockdown with small interfering RNA (siRNA), and the use of the selective mRNA splicing inhibitor of SF3B1, pladienolide B.
Background
Worldwide, gastric cancer is one of the most common malignant tumors and is the third most common cause of cancerrelated mortality [1] . The treatment of gastric cancer has improved with a multidisciplinary approach that includes surgery as the main treatment option, combined with radiotherapy and chemotherapy. However, many patients still suffer from recurrence and metastasis following initial treatment. With the rapid development of research on gastric cancer, gene therapy is becoming a possibility, as the abnormal expression of several oncogenes and tumor suppressor genes have been identified in the occurrence and development of gastric cancer [2] . However, research continues to identify the biological and molecular mechanisms for the development and progression of gastric cancer, and new treatments continue to be investigated.
Pre-mRNA splicing is a universal mechanism in eukaryotic cells where mRNA isoforms are generated from limited genomes by alternative splicing, or differential splicing, of single-gene coding for multiple proteins, which results in the synthesis of alternative proteins from increased transcript diversity [3] . Pre-mRNA splicing has a vital role in mRNA modification, especially for specific genes involved in tumor occurrence, and dysregulation of the splicing modulators is involved in the progression of several types of cancer [4] .
Small nuclear ribonucleoproteins (snRNPs) participate in splicing RNA precursors in RNA alternative splicing. The spliceosome, splicing factor 3b subunit 1 (SF3B1), encodes the subunit 1 of splicing factor 3b, a component of the U2 snRNP complex. SF3B1 is located on chromosome 2q33.1 and results in alternative splicing events. Dysregulation of SF3B1 is associated with the progression of multiple malignant diseases, including breast cancer [5, 6] , head and neck cancer [7] , and leukemia [8] . Importantly, snRNPs are attractive targets for anticancer treatment, and the agents targeting them has attracted considerable attention. Currently, several anticancer modulators of SF3B1 have been identified [9] [10] [11] , including pladienolide B, which directly binds to SF3B1, to inhibit the splicing of tumor cells [12, 13] . However, SF3B1 and the effects of its inhibitor, pladienolide B, have been rarely studied in human cancer cells, and their effects gastric cancer remain unknown.
Therefore, this study aimed to investigate the role of the spliceosome, SF3B1, in AGS and MKN28 human gastric cancer cells in vitro, including gene knockdown with small interfering RNA (siRNA) and the use of a specific SF3B1 inhibitor, pladienolide B.
Material and Methods

Cell culture and cell transfection
The AGS and MKN28 human gastric cancer cells were purchased from American Type Culture Collection (ATCC) (Manassas, VA, USA). Cells were cultured in RPMI-1640 medium (Gibco, Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% fetal bovine serum (Invitrogen, Carlsbad, CA, USA). All cells were cultured in a 37°C humidified incubator with 5% CO 2 . The spliceosome, splicing factor 3b subunit 1 (SF3B1), was investigated. The cells were transfected with small interfering RNA (siRNA)-SF3B1 or siRNA-NC. The siRNA-SF3B1 oligonucleotide sequence was 5'-UAUUGCAACAUUCUACAUGGU-3', and the passenger sequence was 5'-CAUGUAGAAUGUUGCAAUAUU-3'. Cell transfection was performed using Lipofectamine 3000 (Invitrogen, Carlsbad, CA, USA), according to the manufacturer's instructions.
Cell Counting Kit-8 (CCK-8) assay for cell proliferation
The cell growth rate was assessed using the Cell Counting Kit-8 (CCK-8) assay. After treatment, cells were aliquoted into a 96-well plate (100 μL/well) at a concentration of 1×10 5 /mL and incubated for between 1-6 days. During detection, 20 μL of CCK-8 solution (KeyGen Biotech Co. Ltd., Nanjing, China) was added into each well, and plates were incubated for a further 2 h. The absorbance at 450 nm was measured with a microplate spectrophotometer reader.
Flow cytometry for evaluation of the cell cycle and cell apoptosis
For the cell cycle experiment, cells were harvested and fixed with 70% ethanol. The fixed cells were centrifuged and washed thrice with phosphate-buffered saline (PBS) and then stained with propidium iodide (PI) solution (KeyGen Biotech Co. Ltd., Nanjing, China). For cell apoptosis assay, the cells were collected and washed twice with PBS. Annexin V-fluorescein isothiocyanate (FITC) (KeyGen Biotech Co. Ltd., Nanjing, China) and PI were added to the cell suspension, according to the manufacturer's instructions. Cells in the fourth quadrant of the flow cytometry cytogram were regarded as apoptotic cells. All the samples were analyzed using a BD flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA). Each experiment was performed in triplicate.
Quantitative reverse transcription-polymerase chain reaction (qRT-PCR)
The qRT-PCR for mRNA was performed using a one-step RT-PCR detecting kit (Takara, Minato-ku, Tokyo, Japan) on an HT7500 System (Applied Biosystems, Foster City, CA, USA). The primer sequences were: SF3B1, forward: 5'-GTGGGCCTCGATTCTACAGG-3'; SF3B1, reverse: 5'-GATGTCACGTATCCAGCAAATCT-3'; HOXA10 exon 1, forward: 5'-TGCATATTTGGAATGCGCCG-3'; HOXA10 exon 1, reverse: 5'-GAGAGACGGAAACCAGCTCC-3'; HOXA10 exon 2, forward: 5'-CTCGCCCATAGACCTGTGG-3'; HOXA10 exon 2, reverse: 5'-GTTCTGCGCGAAAGAGCAC-3'; HOXA10 exon 3, forward: 5'-TGGCTCACGGCAAAGAGTG-3'; HOXA10 exon 3, reverse: 5'-GCTGCGGCTAATCTCTAGGC-3'; GADPH, forward: 5'-GAAGGTGAAGGTCGGAGTC-3'; GADPH, reverse: 5'-GAAGATGGTGATGGGATTTC-3'. GADPH served as an endogenous control to normalize the expression of SF3B1 and HOXA10 mRNA. The comparative cycle threshold (2 -DDCT ) method was used to calculate the relative abundance of RNA compared with GADPH expression, and the fold difference relative to GADPH was determined.
Western blot
Cells were harvested, and total protein was extracted and then measured by the Bradford protein assay (Bio-Rad, Hercules, CA, USA). Protein from each sample was separated on 12% Bis-Tris polyacrylamide gels by electrophoresis and blotted onto nitrocellulose membranes (GE Healthcare Life Sciences, Logan, UT, USA). Antibodies against SF3B1, HOXA10, PTEN, AKT, and p-AKT (Abcam, Cambridge, MA, USA) were used, and horseradish peroxidase-linked anti-rabbit or anti-mouse IgG secondary antibodies (Beyotime, Shanghai, China) were used. The primary antibodies were diluted using the following concentrations: HOXA10, AKT, and p-AKT (1: 1000), SF3B1 (1: 5000), and PTEN (1: 10000). Blots were immunostained with the primary antibodies at 4°C overnight, and with the secondary antibody at room temperature for 1 h. Proteins were visualized using an electrochemiluminescence (ECL) microplate reader and Western blot detection reagents (GE Healthcare Life Sciences, Logan, UT, USA). The results were normalized against GADPH levels.
Analysis of alternative splicing events
Data on alternative splicing, or differential splicing, of singlegene coding for multiple proteins were analyzed using The Cancer Genome Atlas (TCGA) SpliceSeq (https://bioinformatics.mdanderson.org/TCGASpliceSeq/). Alternative splicing events were quantified by the percent spliced in index (PSI), with values ranging from 0-100%. The alternative splicing events were screened with a PSI rate of >2.5 times in gastric cancer and nontumor samples in the database. The RNA expression profiles of the SF3B1 and HOXA10 genes were analyzed in the cBioPortal for Cancer Genomics (http://www.cbioportal.org/) using the data of the TCGA gastric cancer cohort. e919460-3
Statistical analysis
Data were expressed as the mean±standard deviation (SD) of at least three independent experiments. Student's t-test determined differences between the groups. Data analysis was performed using SPSS version 20 software (IBM, Chicago, IL, USA). P<0.05 was considered statistically significant.
Results
Inhibition of splicing factor 3b subunit 1 (SF3B1), reduced the viability of AGS and MKN28 human gastric cancer cells in vitro
The knockdown of the SF3B1 gene was performed with small interfering RNA (siRNA) ( Figure 1A ). The Cell Counting Kit-8 (CCK-8) assay showed that the SF3B1 knockdown resulted in growth arrest ( Figure 1C ). The effect of inhibition of SF3B1 with pladienolide B, which specifically binds to SF3B1, was evaluated in gastric cancer cells ( Figure 1B ). Pretreatment with pladienolide B resulted in a significant reduction in SF3B1 expression in the gastric cancer cells ( Figure 1A) , and the growth rate of the cells was significantly lower than that of the control group ( Figure 1D ).
SF3B1 dysfunction induces apoptosis and cell cycle arrest
Following knockdown and inhibition of SF3B1 in the AGS and MKN28 human gastric cancer cells, flow cytometry was used to detect cell apoptosis and components of the cell cycle. The number of apoptotic cells was significantly increased (Figure 2A) , and there was G2/M phase arrest after SF3B1 siRNA or pladienolide B treatment ( Figure 2B ). The presence of alternative splicing, or differential splicing, of single-gene coding for multiple proteins, was analyzed using The Cancer Genome Atlas (TCGA) SpliceSeq. Ninety-seven events that included 89 genes were screened (Table 1 ). Among them, 32 genes were abnormally expressed in more than 5% TCGA gastric cancer tumor tissues ( Figure 3A ). HOXA10 is a critical gene in cancer progression and acts as an independent factor for the survival of gastric cancer [14, 15] . HOXA10 was identified as a potential effector oncogene of alternative splicing. The HOXA10 gene possesses three exons, long noncoding (lnc)-HOXA10 (exons 1 and 3) and HOXA10 (exons 2 and 3) isoforms ( Figure 3B ). After SF3B1 inhibition, HOXA10 pre-mRNA formed HOXA10 mRNA. Two specific primers were constructed to detect the mRNA levels of HOXA10 mRNA (exon 2) and lnc-HOXA10 (exon 1). The levels of HOXA10 mRNA and lnc-HOXA10 were both reduced in AGS and MKN28 human gastric cancer cells after SF3B1 siRNA or pladienolide B treatment compared with the control group. Also, levels of lnc-HOXA10 were reduced much more than for HOXA10 mRNA. We further designed the primer targeting the total amount of HOXA10 RNA (exon 3) and found that the total HOXA10 RNA also significantly decreased ( Figure 3C ).
The levels of HOXA10 proteins were studied. Compared with the control group, a significant decrease in the HOXA10 protein level was found ( Figure 3D ). Therefore, expression of the HOXA10 gene was regulated by SF3B1, resulting in the manipulation of the downstream target genes of the HOXA10 protein.
To determine whether SF3B1 promoted cell growth via the PTEN/AKT pathway in AGS and MKN28 human gastric cancer cells, the expression of these mediators was analyzed. SF3B1 inhibition by siRNA or pladienolide B induced a significant increase in the PTEN protein level and a significant decrease in the p-AKT and protein level. Key regulators in the AKT pathway, including the apoptosis marker, Bax, and the cell cycle marker, cyclin D1, were also increased ( Figure 3D ). These findings showed that SF3B1 affected the growth of AGS and MKN28 human gastric cancer cells in vitro via the regulation of PTEN by HOXA10.
Discussion
Alternative splicing, or differential splicing, of single-gene coding for multiple proteins, is a common cell regulatory mechanism that results in the diversity of RNA translation [16] . Small nuclear ribonucleoprotein (snRNP) complexes of protein and [17, 18] . The spliceosome, splicing factor 3b subunit 1 (SF3B1), has previously been shown to play an important role in tumorigenesis and tumor progression [5, 6] . However, the mechanism of SF3B1 in cancer and its downstream pathways remain unclear.
In the present study, SF3B1 gene knockdown with small interfering RNA (siRNA), and the use of the selective mRNA splicing inhibitor of SF3B1, pladienolide B were used to inhibit gene expression and to explore gene function. Pladienolide B, a natural product targeting SF3B1, exhibited antitumor activity in AGS and MKN28 human gastric cancer cells in vitro. Pladienolide B has potential as a chemotherapeutic drug and as a tool to study the role of SF3B1 in alternative splicing and cancer development. Also, in this study, apoptosis and the cell cycle were studied, and the effect of SF3B1 on cell proliferation was investigated. When SF3B1 was inhibited, the cell cycle in the AGS and MKN28 cells was arrested, and apoptosis increased. This finding was consistent with the results of previous studies on human malignant cell lines [19] .
The knockdown of SF3B1 described in this study resulted in HOXA10 alternative splicing. The HOXA10 pre-mRNA can be transcribed into one coding isoform (HOXA10 mRNA) and one noncoding isoform (lnc-HOXA10) [20] . In this study, when SF3B1 was downregulated, the HOXA10 mRNA and lnc-HOXA10 decreased. The homeobox (HOX) gene, which is present in most eukaryotic cells, is an evolutionarily conserved family of polygenes [20] . HOX gene-encoded proteins are a class of transcription factors containing homologous heteromorphic domains and have an important role during cancer development in vertebrates [21] . The HOXA10 gene is an important member of the homeobox gene family. Recently, studies in oncology have shown that HOXA10 gene is involved in the development of human malignant tumors, including colorectal cancer [22] , ovarian cancer [23] , and medulloblastoma [24] . In gastric cancer, HOXA10 expression has previously been shown to be increased in gastric cancer tissues [14] , and this phenomenon is related to the biological characteristics of the tumor [15] . Cell proliferation and cell migration are enhanced in gastric cancer cells that overexpressed HOXA10 but were inhibited in Table 1 that showed altered expressed in more than 5% of samples using data from The Cancer Genome Atlas (TCGA) gastric cancer cohort in cBioPortal. cells with silenced HOXA10 [25] . Also, lnc-HOXA10 can increase HOXA10 transcription by recruiting SNF2L [26] . Therefore, when the lnc-HOXA10 level was significantly reduced, HOXA10 expression will be significantly inhibited, and a loop amplification effect will be formed. This phenomenon eventually decreases HOXA10 mRNA levels.
The HOXA10 protein downregulation found in this study was consistent with previously reported findings of PTEN upregulation in cancer cells [22, 27] . PTEN can reduce AKT activation and prevent downstream signal transduction events regulated by AKT. In the present study, to determine whether the AKT pathway was a component of the SF3B1 downstream pathway regulating the proliferation of AGS and MKN28 human gastric cancer cells, the levels of AKT, p-AKT, and PTEN protein were
